ABSTRACT: Cement leakage is the most common complication during vertebroplasty and may result in serious morbidity. Measures to reduce the rate of cement leakage are valuable ways to improve vertebroplasty safety. The present study aimed to evaluate whether creating a small cavity in the vertebral body prior to cement injection would reduce the rate of cement leakage during vertebroplasty. The study included 36 consecutive patients with 42 painful osteoporotic vertebral body compression fractures that were classified as A1 fractures according to AO classification. Patients were randomly assigned to receive either treatment with vertebroplasty (control) or with a procedure termed cavuplasty, in which a small cavity was created in the vertebral body prior to cement injection. CT scanning was performed to detect cement leakage. Cement leakage was observed in 14 (66.6%) of the 21 vertebral bodies treated with vertebroplasty and 5 (23.8%) of the 21 vertebral bodies treated with cavuplasty (p ¼ 0.012). These results suggest that the creation of a small cavity in the vertebral body prior to cement injection is an effective way to reduce cement leakage during vertebroplasty. 
During vertebroplasty, polymethylmethacrylate (PMMA) leakage is the most common complication and can lead to serious patient morbidity. Although cement leakage is usually asymptomatic, extravasation of cement is the cause of most complications. 1 Cement leakage from the vertebral body can compress adjacent structures, such as the spinal cord, or injure the cardiopulmonary system by lung embolization. [2] [3] [4] Moreover, leaks that are asymptomatic in the short-term may become symptomatic over time. Intradiscal leaks can affect the mechanical loading of adjacent vertebral bodies, leading to subsequent overstress and fracture. 5, 6 Many factors contribute to cement leakage, including the amount of cement injected, percentage of vertebra filled, cement viscosity, injection pressure, and fracture severity. 7 While the incidence of cement leakage can be reduced with appropriate surgical techniques such as accurate needle placement into the vertebral body and low-pressure injection of viscous cement, cement leakage remains an inevitable and unpredictable vertebroplasty complication. 8, 9 Some clinical studies have reported reduced rates of cement leakage with balloon kyphoplasty, in which an inflatable tamp creates a cavity in the fractured vertebral body prior to cement injection, restoring the vertebral body height. 10 The mechanism of leakage prevention with kyphoplasty is not completely understood. The creation of a predetermined site for cement implantation via the cavity within the vertebral body may reduce the cement extravasation with kyphoplasty. 1 Another possible explanation is that tamp inflation and cancellous bone compression block the paths for leakage.
The present study aimed to investigate the effects of cavity creation of a cavity and cavity volume on cement leakage during vertebroplasty. We tested the hypothesis that creating a small and irregular cavity in the vertebral body prior to cement injection would reduce cement leakage.
MATERIALS AND METHODS

Level of Evidence: 1 Patients
To test the above-mentioned hypothesis, we performed a prospective randomized, parallel-group, controlled singlecenter study. We required a sample size of 20 vertebrae in each group to detect a difference in cement leakage rates between the two different vertebral body augmentation procedures. Recruited participants were consecutive patients referred to our clinic due to painful osteoporotic vertebral body fractures of the thoracolumbar spine (T9 to L4) that were classified as A1 fractures according to AO classification 11 and who were considered vertebroplasty candidates. In all cases, the indication for vertebroplasty was osteoporotic vertebral body fracture within the past 3 months and refractory pain under conservative treatment. Vertebral body fractures were diagnosed as osteoporotic by excluding any traumatic event prior to back pain onset. We excluded patients with more than two vertebral body fractures, and with those with fractures from traumatic events or fractures based on malignancy, previous spinal operation, spinal infection, and deformity (scoliosis).
Using computer-generated randomization, a total of 36 patients with 42 painful osteoporotic vertebral body fractures were assigned to two parallel groups (Table 1) . Group 1 included 18 patients (15 female and 3 male; age range 53-87 years; average age 68.8 years) with 21 vertebral body fractures, who were treated with conventional percutaneous vertebroplasty (control group). Group 2 included 18 patients (17 female and 1 male; age range 59-87 years; average age 72.3 years) with 21 vertebral body fractures, who were treated with a procedure termed cavuplasty, which involved creating a small cone-shaped cavity in the vertebral body prior to cement injection. Each group included three patients who had sustained two vertebral body fractures each.
Imaging
For diagnostic imaging, X-rays of the thoracolumbar spine were performed from the lateral and AP views in the standing position. MRI imaging was performed preoperatively. Edema in the vertebral body was diagnosed based on enhanced signal in the STIR sequence, which was considered to indicate a recent fracture. CT-scanning was performed to confirm the A1 classification and to exclude fracture instability.
Surgery
In preparation of surgery, patients were placed in a prone position under general anesthesia. Three patients received only regional anesthesia due to chronic obstructive lung disease. Using a transpedicular approach, a 10-gauge Jamshidi needle (OptiMed, Ettlingen, Germany) was percutaneously introduced into the vertebral body under biplane fluoroscopic guidance. The needle was bipedicularly placed into the middle one-third of the vertebral body in a convergent manner, about 10 mm away from the lateral wall. Such needle positioning was important to create an area for the action of the Cemento EC 1 instrument (see below), and to prevent this instrument from perforating the anterior or lateral cortical wall of the vertebral body. For patient receiving vertebroplasty, a 1-ml syringe was used to manually inject cement (BonOs 1 Inject, aap Biomaterials, Dieburg, Germany) under continuous fluoroscopic control. For patients receiving cavuplasty, prior to cement injection, a small cavity was created in the vertebral body using Cemento EC 1 (OptiMed, Ettlingen, Germany; Fig. 1 ). Cemento EC 1 was introduced into the vertebral body through the needle. The tip of Cemento EC 1 is 8 mm in length, and can be opened 60˚via manipulation of the lever with scissor grip, thus compressing aside the bone tissue in the vertebral body (Fig. 2 ). This procedure was repeated with alternating rotation and manipulation of the Cemento EC 1 in a 360˚Circular manner creating an irregular cone-shaped cavity in the vertebral body. Figure 3 shows CT images of a cavity created with Cemento EC 1 in the first lumbar vertebral body of a cadaver spine. The created cavity volume was calculated by the following formula:
Given the 8-mm length of the acting radius and the 60o pening angle, a theoretical maximum volume of 715 mm 3 could be achieved. The 1/3 volume in the equation results from the 60˚opening angle of the instrument, which is 1/3 of the 180˚angle that would be required to create a sphere. Using bipedicular cavuplasty, the maximum volume of both created cavities together in the vertebral body was 1430 mm 3 prior to cement injection.
After cavity creation, the Cemento EC 1 was removed, and cement was injected through the needle. For this purpose, we used polymethylmethacrylate manufactured for use in vertebroplasty (BonOs 1 Inject; aap Biomaterials, Dieburg, Germany). Cement injection into the vertebral body was continued until cement reached the dorsal one-third of the vertebral body. Cement injection was immediately stopped if cement extravasation from the vertebral body was detected on fluoroscope images before cement reached the dorsal onethird of the vertebral body. All vertebral body augmentations were performed by two experienced surgeons who were randomly assigned to perform the procedures. We recorded the injected volume of cement and the procedure duration defined as the period of time from the incision to the suturing. Postoperative treatment was the same in both groups, with patient mobilization one day after the procedure. The patients' pain intensity was self-assessed immediately before and 6 weeks after the procedure using a visual analogue scale (VAS) on which 0 indicates "no pain" and 10 indicates the "most severe pain." To detect cement leakage sites, postoperative CT scans were analysed by one author, who was blinded to the procedure type. Cement leakages was classified into four types. Three types were based on Yeom classification; 12 type B, leakage via the basivertebral vein into the spinal canal; type S, leakage via the segmental vein of the vertebral body; and type C, leakage through a cortical wall defect. We additionally used the classification "type D" to describe leakage into the disc space.
Statistical Analysis
Sample size was calculated using a non-parametric x 2 test with a two-sided 5% level and a power of 80%. Within-group comparisons before and after surgery were evaluated using the Wilcoxon matched-pair test, and between-group comparisons were made using the Wilcoxon-Mann-Whitney U-test. Differences in cement leakage between the two groups were statistically analyzed using the Fisher's exact test. If two or more types of cement leakage occurred in a single vertebral body, all were included in statistical analysis. The level of significance was set at p < 0.05. Statistical analyses were performed using the software BiAS for windows (version 11, epsilon-Verlag Hochheim-Darmstadt, Germany). The study was approved by our institute's ethics committee (approval No. 99/09), and patients signed an informed consent form prior to study participation.
RESULTS
The average procedure duration was 35.5 min (SD, 10.0 min) for vertebroplasty and 40 min (SD, 15.1 min) for cavuplasty (p ¼ 0.81). The average injected cement volume for each vertebral body was 4.26 ml (SD, 0.40 ml) for vertebroplasty and 4.32 ml (SD, 0.47 ml) for cavuplasty (p ¼ 0.57). Both groups showed significantly reduced pain level after cement augmentation. Mean VAS pain scores before and six weeks after the procedure, respectively, were 7.3 (SD, 2.1) and 3.6 (SD, 1.6) in the cavuplasty group (p ¼ 0.02) and 7.1 (SD, 2.4) and 2.8 (SD, 1.9) in the vertebroplasty group (p ¼ 0.04). At the sixth postoperative week, the mean VAS pain score in the vertebroplasty group (2.8) was lower than that in the cavuplasty group (3.6); however, this difference was not significant (p ¼ 0.14). Vertebroplasty and cavuplasty did not differ with regards to the interdigitation of bone and cement. Figure 4 illustrates the cement distribution in vertebral bodies of three subjects of each group. Cement leakage, as detected on postoperative CT scans, occurred significantly less frequently in the cavuplasty group. Cement leakage was observed in 14 (66.6%) of the 21 vertebral bodies treated with vertebroplasty (6 S, 3 B, 3C, and 2 D), and in 5 (23.8%) of the 21 treated with cavuplasty (2 S, 2 B, and 1C) (p ¼ 0.012). Cement injection was stopped prematurely in two cases (T12 and L1) in the vertebroplasty group due to observation of cement leakage into disc space. We did not observe more than one type of cement leakage in any single treated vertebral body. One vertebral body in the vertebroplasty group (T9) showed two simultaneous leakages via a segmental vein. None of the cement leakages were symptomatic. Furthermore, we observe no complications related to use of the Cemento EC 1 instrument, such as tip breakage or perforation of the cortical wall of the vertebral body. Table 2 shows the number of vertebral body levels enrolled in the study and the corresponding cement leakages.
DISCUSSION
Our present study compared the rates of cement leakage between standard vertebroplasty and cavuplasty. In contrast to the vertebroplasty group, in the cavuplasty group an intravertebral small irregular cavity was created using an instrument prior to cement injection. Our results showed significantly less leakage of cement during cavuplasty than during vertebroplasty. Cement leaks were detected using postoperative CT scanning, which is the most accurate tool for detecting even small leaks that are not visible by fluoroscopy or X-ray. 13 Many factors may contribute to cement leakage, including the amount of cement injected, percentage of the vertebral body filled, cement viscosity, injection pressure, and osteoporosis and fracture severity. 14, 15 Ryu et al. 16 demonstrated a positive correlation between the injected cement volume and the rate of leakage following vertebroplasty. There remains a lack of objective data regarding the amount of cement needed for vertebral body augmentation, and studies investigating the relationship between injected cement volume and pain relief have shown conflicting results. Studies of vertebroplasty have reported good clinical outcomes and pain reduction following injection of various cement volumes ranging from 1-15 ml into the vertebral body, with no correlation between postprocedural pain relief and injected cement volume. [17] [18] [19] On the other hand, some investigations have reported that filling a lower fraction of the vertebral body with cement is associated with good clinical results and pain relief. 15 In our present study, the patients in both groups had almost equal amounts of cement injected into the vertebral body. Moreover, our inclusion criteria permitted only a narrow range of fracture severity in both groups according to the AO classification. However, it should be noted that precise comparison between the two procedures requires consideration of other factors, including osteoporosis severity and vertebral body volume. From a clinical aspect, mean VAS pain score was significantly improved after both procedures, indicating sufficient cement application. At the sixth postoperative week, the vertebroplasty group had a lower mean VAS pain score than the cavuplasty group; however, this difference was not significant. This apparent tendency could possibly be related to the injection of a less sufficient amount of cement in cavuplasty, due to the filling of a different percentage of the vertebral body volume. While the mean injected cement volumes were almost equal in the two groups, the included spinal levels slightly differed between Figure 1 . The needle used to inject bone cement into the vertebral body (top), and the Cemento EC 1 instrument used to create a cavity prior to cement injection (bottom). groups, with more thoracic vertebral bodies in the vertebroplasty group (13) than the cavuplasty group (11). Since thoracic vertebral bodies have lower volumes than lumbar ones, we could expect a higher percentage of filling volume in the vertebroplasty group with an equal amount of injected cement.
Our results raise the question of how the cavuplasty procedure leads to reduced cement leakage. We performed CT-scanning of a cadaver vertebral body after manipulation with the cavuplasty instrument to visualize the effects on bone structure. The alternating rotation and opening of the cavuplasty instrument in the vertebral body pressed aside the bone tissue creating an irregular cone-shaped cavity. CT-scans revealed densification of the cavity border that was caused by bone compaction. On the other hand, we did not observe any difference between vertebroplasty and cavuplasty with regards to bone-cement interdigitation. In our opinion, this lack of difference was because the injected cement volume exceeded the volume of the created cavity in cavuplasty. On possible explanation for the lower cement leakage in cavuplasty is that the (A-C) CT-images of a cadaver first lumbar vertebral body after cavity creation using the Cemento EC 1 . Arrows indicate the cavity. On the frontal section (A) the created cavity shows a star-like shape, which arises from the alternatively rotating and opening of the instrument. On the sagittal and transversal sections (B and C) the cavity has a cone shape. All sections reveal a densification of cancellous bone around the cavity.
CAVITY CREATION REDUCES CEMENT LEAKAGE cavity was first uniformly filled with injected cement prior to crossing the compacted border. Since the injected cement volume exceeded the cavity volume, cement was pressed across the compacted border in a regular and spherical pattern, which may have contributed to the reduced cement leakage.
Kyphoplasty is a procedure in which the vertebral endplates are elevated using an inflatable bone tamp to restore the original height of the fractured vertebral body. It is hypothesized that the lower leakage rate observed in kyphoplasty is due to the low-pressure injection of void filler into the created cavity and the compaction of the surrounding trabecular bone. Studies that have compared leakage rates between vertebroplasty and kyphoplasty have reported mixed results. Higher cement leakage rates are reported for single group vertebroplasty studies compared with kyphoplasty studies. [20] [21] [22] Other studies highlight the importance of having an intravertebral cavity to reduce cement leakage. Kim et al. 23 showed that during vertebroplasty of vertebral bodies with an intravertebral cleft, the cavity is filled with cement before the surrounding trabecular bone, and this cement distribution results in less cement extravasation. In another study, Berlemann et al. 24 demonstrated that cement leakage significantly increased by up to 33% when the vertebral body was filled beyond the cavity created during kyphoplasty.
Cavuplasty and conventional balloon-assisted kyphoplasty differ with regards to the size of the created cavity. In our study, the volume of the injected void filler significantly exceeded the volume of the created cavity. On the other hand, in kyphoplasty, void filler injection is typically discontinued upon filling the created cavity, such that the injected void filler volume is almost equal to the cavity volume. This suggests that it is not necessarily the volume of the cavity in the vertebral body that prevents cement leakage.
Our present results indicate that the creation of a small cavity in the vertebral body prior to cement injection is an effective method of reducing cement leakage during cavuplasty compared with conventional vertebroplasty. Cavuplasty is not more timeconsuming than vertebroplasty, and does not require the use of expensive devices or implants as in kyphoplasty. Patients who are candidate for vertebroplasty may benefit from cavuplasty with less cement leakage. However, our present conclusions are limited by the small number of enrolled patients in this study. Further laboratory and clinical studies are needed to confirm our current findings.
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